The Effect of Micelles on the Steady-State and Time-Resolved Fluorescence of Indole, 1-Methylindole, and 3-Methylindole in Aqueous Media by Ashby, K. D. et al.
Chemistry Publications Chemistry
5-15-1997
The Effect of Micelles on the Steady-State and
Time-Resolved Fluorescence of Indole,
1-Methylindole, and 3-Methylindole in Aqueous
Media
K. D. Ashby
Iowa State University
K. Das
Iowa State University
Jacob W. Petrich
Iowa State University, jwp@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/chem_pubs
Part of the Analytical Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
chem_pubs/689. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
The Effect of Micelles on the Steady-State and Time-Resolved
Fluorescence of Indole, 1-Methylindole, and 3-Methylindole in Aqueous
Media
Abstract
3-Methylindole (skatole) is a component of animal waste and is, consequently, a primary component in odor
problems arising in livestock management, notably swine production. The ability to probe and to exploit the
interactions of 3-methylindole with micelles has important implications for monitoring and controlling odor
problems. The effect of a surfactant (Brij-35) on the fluorescence properties of indole, 1-methylindole, and
3-methylindole in aqueous solutions is reported. Steady-state fluorescence spectra reveal a blue shift in the
emission as the surfactant concentration is increased, while the absorption spectra are practically unaffected.
Time-resolved fluorescence measurements reveal shorter average lifetimes for 3-methylindole (3-MI) as the
Brij-35 concentration is increased. The fluorescence decay of 3-MI in water is described well by a single
exponential, whereas, at the highest Brij-35 concentration, a triple exponential is necessary to describe the
fluorescence decay. The contributions of each component in the fluorescence decay are used to determine the
extent of 3-MI partitioning into the micelle phase. It is found that 93% of the 3-MI molecules partition into
the micelle at the highest Brij-35 concentration used. The equilibrium constant for the association between
the micelles and the 3-MI molecules is determined to be 2.6 × 104 M-1. In addition, the reduction of 3-MI in
the vapor phase by addition of a dry surfactant, lecithin, is also demonstrated.
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Media
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3-Methylindole (skatole) is a component of animal waste
and is, consequently, a primary component in odor
problems arising in livestock management, notably swine
production. The ability to probe and to exploit the
interactions of 3-methylindole with micelles has important
implications for monitoring and controlling odor prob-
lems. The effect of a surfactant (Brij-35) on the fluores-
cence properties of indole, 1-methylindole, and 3-meth-
ylindole in aqueous solutions is reported. Steady-state
fluorescence spectra reveal a blue shift in the emission
as the surfactant concentration is increased, while the
absorption spectra are practically unaffected. Time-
resolved fluorescence measurements reveal shorter aver-
age lifetimes for 3-methylindole (3-MI) as the Brij-35
concentration is increased. The fluorescence decay of
3-MI in water is described well by a single exponential,
whereas, at the highest Brij-35 concentration, a triple
exponential is necessary to describe the fluorescence
decay. The contributions of each component in the
fluorescence decay are used to determine the extent of
3-MI partitioning into the micelle phase. It is found that
93% of the 3-MI molecules partition into the micelle at
the highest Brij-35 concentration used. The equilibrium
constant for the association between the micelles and the
3-MI molecules is determined to be 2.6  104 M-1. In
addition, the reduction of 3-MI in the vapor phase by
addition of a dry surfactant, lecithin, is also demonstrated.
3-Methylindole (skatole) is an important component of animal
waste. Because of its noxious odor, 3-methylindole is a primary
problem in livestock management, especially in swine production.1-7
In this article, we consider the effect of surfactants on the steady-
state and time-resolved fluorescence of indoles in the aqueous
and vapor phases. Micelles can be used as model, and perhaps
practical, systems capable of trapping small molecules such as
indoles. Understanding under what conditions 3-methylindole can
be sequestered and developing means of detecting it are of great
practical interest.
The fluorescence properties of indoles (Figure 1a-c) are
extremely sensitive to the environment. This sensitivity arises
from the presence of two closely spaced excited singlet states
(Figure 2), which are traditionally denoted 1La and 1Lb.8-15 The
energy of the 1Lb state is insensitive to the solvent, and it is the
lower lying of the two excited singlet states in nonpolar solvents.
In nonpolar solvents, 1Lb is the emissive state.16 On the other
hand, the 1La state interacts strongly with the solvent. In nonpolar
media it lies above 1Lb, but in polar media the 1La state strongly
interacts with the solvent and subsequently lowers its energy
relative to that of 1Lb, thus becoming the emissive or fluorescent
state. Because of the interaction of these two excited states with
their environment (and with each other), shifts of emission spectra
to higher energies (blue shifts) are excellent signatures of the
probe molecule moving to a nonpolar environment.17,18 Also, as
the indole moves to a nonpolar environment, the fluorescence
lifetime shortens, due largely to the different radiative properties
of the 1Lb state with respect to those of the 1La state15 (Figure 2).
Organic molecules are generally hydrophobic in nature. The
interior of micelles consists of a nonpolar region, which offers an
ideal environment into which organic molecules may partition
from the aqueous phase. Consequently, the micelle phase can
induce substantial changes in the fluorescence properties of
(1) Muehling, A. J. Swine Housing and Waste Management; Department of
Agricultural Engineering, College of Agriculture, University of Illinois:
UrbanasChampaign, IL, 1969; pp 65-85.
(2) Smith, A. T.; Lawrence, T. L. Pig Housing and the Environment; BSAP
Occasional Publication No. 11; The British Society of Animal Production:
Edinburgh, UK, 1987; pp 41-51.
(3) Nielson, V. C.; Voorburg, J. H.; La'Hermite, P. Volatile Emissions From
Livestock Farming and Sewage Operations; Elsevier Science Publishing Co.,
Inc.: New York, 1988; pp 54-58.
(4) Leffel, R. E.; Parthum, C. A. Odor Control for Wastewater Facilities; Manual
of Practice No. 22; Lancaster Press Inc.: PA, 1979; pp 6-12.
(5) Jensen, M. T.; Cox, R. P.; Jensen, B. B. Appl. Environ. Microbiol. 1995,
61, 3180-3184.
(6) Jensen, M. T.; Cox, R. P.; Jensen, B. B. Anim. Sci. 1995, 61, 293-304.
(7) Hansen, L. L.; Larsen, A. E.; Jensen, B. B.; Hansen-Mùller, J.; Barton-Gade,
P. Anim. Prod. 1994, 59, 99-110.
(8) Platt, J. R. J. Chem. Phys. 1951, 19, 101-111.
(9) Strickland, E. H.; Horwitz, J.; Billups, C. Biochemistry 1970, 25, 4914-
4921.
(10) Callis, P. R. J. Chem. Phys. 1991, 95, 4230-4240.
(11) Valeur, B.; Weber, G. Photochem. Photobiol. 1977, 25, 441-444.
(12) Ruggiero, A. J.; Todd, D. C.; Fleming, G. R. J. Am. Chem. Soc. 1990, 112,
1003-1014.
(13) Eftink, M. R.; Selvidge, L. A.; Callis, P. R.; Rehms, A. A. J. Phys. Chem. 1990,
94, 3469-3479.
(14) Rich, R. L.; Chen, Y.; Neven, D.; Negrerie, M.; Gai, F.; Petrich, J. W. J. Phys.
Chem. 1993, 97, 1781-1788.
(15) Meech, S. R.; Phillips, D.; Lee, A. G. Chem. Phys. 1983, 80, 317-328.
(16) This statement must be qualified. The 1La and 1Lb levels are typically closely
spaced, so the lower state can thermally populate the higher one.
Furthermore, on a fast (subpicosecond) time scale, the emission from the
higher lying state is detectable. These two phenomena contribute to the
low limiting anisotropy values of most indoles.12
(17) Eftink, M. R.; Ghiron, C. A. J. Phys. Chem. 1976, 80, 486-493.
(18) Hill, B. C.; Horowitz, P. M.; Robinson, N. C. Biochemistry 1986, 25, 2287-
2292.
(19) Lakowicz, J. R.; Keating, S. J. Biol. Chem. 1983, 258, 5519-5524. Wimley,
W. C.; White, S. H. Biochemistry 1993, 32, 6307-6312.
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indoles. In the nonpolar micelle phase, the indole emits from the
1Lb state, whose fluorescence will be blue shifted and shorter lived
with respect to those of molecules in the polar aqueous phase
having no interaction with the micelle and which emit from the
1La state. The chromophore may also be located between the
inner core of the micelle and the aqueous phase (water/micelle
boundary),20,21 which would be expected to afford different
fluorescence behavior which is intermediate to those of the two
just mentioned (Figure 3). The distinct fluorescence properties
of the indoles in these different environments permit their
association with the micelle to be quantified.
Given the biological importance of indoles, that indole is the
chromophoric moiety of the amino acid tryptophan, and the
considerable effort that has been devoted to understanding their
fluorescence properties and exploiting these properties as probes
of environment (e.g., see refs 22-25), it is remarkable that, with
only a few exceptions of which we are aware (e.g., see refs 17-
19 and 22), quantitative investigations of the interactions of indoles
with micelles have been ignored.
(20) Schick, M. J. Nonionic Surfactants; Surfanctant Science Series 1; Marcel
Dekker, Inc.: New York, 1966; Chapter 17.
(21) Shinoda, K.; Nakagawa, T.; Tamamuchi, B.; Isemura, T. Colloidal Surfactants;
Academic: New York, 1963; p 140.
(22) Beecham, J. M.; Brand, L. Annu. Rev. Biochem. 1985, 54, 43-71.
(23) Creed, D. Photochem. Photobiol. 1984, 39, 537-562.
(24) Szabo, A. G.; Rayner, D. M. J. Am. Chem. Soc. 1980, 102, 554-563.
(25) Petrich, J. W.; Chang, M. C.; McDonald, D. B.; Fleming, G. R. J. Am. Chem.
Soc. 1983, 105, 3824-3832.
-
Figure 1. Structures of (a) indole, (b) 1-methylindole, (c) 3-methylindole, and (d) Brij-35 (poly(oxyethylene)23 lauryl ether). (e) A general
chemical structure of lecithin (phosphatidylcholine). The long-chain fatty acid groups, by convention, occupy positions 1 and 2 of the glycerol
bridge, while the phosphorylcholine headgroup occupies position 3. The hydrocarbon chains vary in length and saturation, with the more
unsaturated chain in position 2, as represented by the double bond in the chain at this position.
Figure 2. Representation of the two low-lying excited states of
indole and its derivatives and the effect of solvent on the fluorescence.
The figure is adapted from that in the article by Meech et al.15 In
nonpolar solvents, the 1Lb state is the lower lying of the two excited
states. Consequently, it is the fluorescent state. The 1La state is very
sensitive to solvent polarity, whereas the 1Lb state is not. As the
polarity of the solvent increases, the energy of the 1La state lowers,
and it can become the fluorescent state. The specific behavior of the
fluorescence lifetimes of the 1Lb and the 1La states is determined
largely by their radiative rates. Meech et al. note that the increase of
fluorescence lifetime of 3-MI with increasing polarity cannot be
attributed to the lowering of the energy of the 1La state but must take
into account nonspecific interactions with the solvent that can arise
because the dipole moment of the 1La state is greater than that of
the 1Lb state. The ability of the 1La state to lower its energy in polar
solvents is referred to as “solute-solvent interaction” (SSR). The
ability of the 1La state to interact with the solvent in such a way as to
modify its radiative properties is referred to as “internal charge
transfer” (ICT). These processes are denoted in the figure.
Figure 3. Schematic drawing of a Brij-35 micelle and possible
depictions of the indole-micelle complex. The indole chromophore
could be located within the nonpolar core of the micelle, solubilized
between the inner core and the water phase in the hydrated
oxyethylene phase or in the aqueous phase with no interaction with
the micelle.
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EXPERIMENTAL SECTION
Materials. Indole, 1-methylindole (1-MI), and 3-methylindole
(3-MI) were obtained from Sigma Chemical Co. and were used
without further purification. The neutral surfactant, poly(oxyeth-
ylene)23 lauryl ether (Brij-35, Figure 1d20), was also used as
received. For Brij-35, micelles begin to form at a concentration
of about 7  10-5 M26,27 (the critical micelle concentration). The
number of Brij-35 monomers that become incorporated into a
single micelle is about 40 (the aggregation number).27 Solutions
were prepared using Nanopure water.
Lecithin, a phosphoglyceride, also referred to as phosphati-
dylcholine, was obtained from Sigma and was used as received.
The particular lecithin used in our experiments was derived from
soybeans. Lecithin consists of two long-chain fatty acid ester
groups and a phosphorylcholine dipolar headgroup attached to a
glycerol backbone (Figure 1e).28 A lecithin solution was prepared
by diluting 50 mg of solid lecithin with 2.0 mL of a 2:1 chloroform/
methanol mixture28 (25 mg/mL) and then diluting an aliquot of
the 25 mg/mL solution to a final concentration of 0.025 mg/mL.
Sample Preparation. A 100 mL aqueous stock solution of
each chromophore was prepared to have an optical density of 0.126
( 0.009 at 280 nm. The concentration of the 3-MI in solution
was 1.48  10-5 M. Sonication was necessary to ensure that
the chromophore was dissolved. One hundred milligrams of Brij-
35 was dissolved in 4.0 mL of the chromophore stock solution to
obtain a surfactant concentration of 2.1  10-2 M, followed by
sonication for approximately 20 min. A 2.0 mL aliquot from the
2.1 10-2 M solution was diluted to 4.0 mL with the 3-MI aqueous
stock solution to a concentration of 1.0  10-2 M Brij-35. This
process of diluting each successive solution in half was repeated
until the final dilutions for the indole and 1-MI solutions had a
Brij-35 concentration of 8.1  10-5 M. For the 3-MI solutions,
the final Brij concentration was 1.6  10-4 M. In all cases, the
chromophore concentration was kept constant.
Sample preparations for the study of the effect of lecithin on
the vapor of 3-MI were performed in the following manner. A
0.5 mL aliquot of the 9.8  10-5 M 3-MI/ethanol stock solution
(6.4 íg of 3-MI) was placed into a sealed quartz cuvette with a
syringe. Aliquots of the 0.025 mg/mL lecithin stock solution were
added to the 3-MI sample in amounts of 0, 12.5, 25.0, and 37.5
íg. The solvent was then evaporated by passing argon over the
sample.
Steady-State Measurements. Steady-state fluorescence mea-
surements were performed using a Spex Fluoromax. All solutions
were excited at 280 nm, and emission was monitored over a range
of 300-500 nm. Absorption spectra from 250 to 350 nm were
obtained for each of the 3-MI/Brij-35 solutions with a Perkin-Elmer
Lambda 18 UV-visible spectrometer. For both fluorescence and
absorption measurements, a 1 cm path length quartz cuvette was
used.
The fluorescence measurements of the 3-MI vapor from the
dry 3-MI/lecithin samples were performed on the same instrument
as mentioned above. The 3-MI vapor was excited at 280 nm, and
the emission was observed over a wavelength range from 290 to
330 nm. The integration time for each point on the spectrum was
3 s. The band-pass for both the excitation and emission mono-
chromators was 4 nm. All measurements were performed at room
temperature, approximately 23 °C. The emission of 3-MI vapor
without the addition of lecithin was measured initially with
subsequent measurements of the vapor from the three 3-MI/
lecithin samples.
Time-Resolved Measurements. Time-correlated single-
photon counting was performed on the 3-MI aqueous solution and
at the various Brij-35 concentrations. The apparatus is described
elsewhere.29 Fluorescence decays were obtained by collecting
emission wavelengths >320 nm and using an excitation wave-
length of 288 nm. The time window was 17 ns full-scale. All
lifetime measurements were performed at 20.5 °C. The fluores-
cence lifetime obtained for 3-MI in water (8.5 ns) was comparable
to that found in the literature.15 Fluorescence decays were fit to
a sum of not more than three exponentially decaying components:
where Ai is the preexponential factor representing the contribution
to the decay curve of the component with lifetime ôi. The
preexponential factors, lifetimes, and ł2 values were obtained from
nonlinear least-squares fitting and global analysis using the
program Spectra Solve.30 An Instruments SA Inc. monochromator
(8 nm band-pass) was used to obtain fluorescence decays at the
blue (320 nm) and red (410 nm) edges of the 3-MI/Brij-35
fluorescence spectrum at the highest Brij-35 concentration.
RESULTS AND DISCUSSION
Steady-State Spectra. The absorbance maxima for the 3-MI
solutions were practically unaffected by the presence of Brij-35
(Figure 4). The fluorescence spectrum of each chromophore
studied was strongly dependent on the amount of Brij-35, and
hence the amount of micelle, in solution. With the addition of
micelle, the fluorescence spectra showed a blue shift in the
(26) Roberts, E. L.; Chou, P. T.; Alexander, T. A.; Agbaria, R. A.; Warner, I. M.
J. Phys. Chem. 1995, 99, 5431-5437.
(27) McIntire, G. L. Crit. Rev. Anal. Chem. 1990, 21, 257-275.
(28) New, R. R. C. Liposomes, A Practical Approach; Oxford University Press:
New York, 1990; Chapters 1 and 2.
(29) Chen, Y.; Rich, R. L.; Gai, F.; Petrich, J. W. J. Phys. Chem. 1993, 97, 1770-
1780.
(30) Das, K.; English, D. S.; Fehr, M. S.; Smirnov, A. V.; Petrich, J. W. J. Phys.
Chem. 1996, 100, 18275-18281.
Figure 4. Absorbance spectra of 3-methylindole in Brij-35 micelles.
The solid line is the absorbance in water without micelles. Concentra-
tion of Brij-35 in each broken line spectrum (from top to bottom): 2.1
 10-2, 1.0  10-2, 5.2  10-3, and 2.6  10-3 M. Below 2.6  10-3
M, the spectra were identical to that of water with no micelle.
F(t) ) ∑Ai exp(-t/ôi) (1)
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emission maxima. The emission maxima of the indole and 1-MI
showed less of a blue shift at the lower concentrations of Brij-35:
no blue shift was apparent below concentrations of 6.5  10-4 M.
On the other hand, 3-MI exhibited larger blue shifts in the
emission maxima with the lower concentrations of Brij-35 (Table
1). Thus, 3-MI tends to have a greater affinity toward the nonpolar
micelle than indole and 1-MI.
Time-Resolved Fluorescence. Time-resolved fluorescence
was performed on the 3-MI solutions at the various Brij-35
concentrations. The 3-MI in water had a fluorescence lifetime of
about 8.5 ns and fit very well to a single-exponential decay curve,
ł2 ) 1.10. As Brij-35 was added to the aqueous 3-MI solutions,
the decay curves exhibited contributions from more than one
component. Each component revealed the different environment
from which fluorescence of the 3-MI is emitted. To verify which
of the decay components was the result of emission from
partitioning of 3-MI into the micelle phase, the red and blue edges
of the emission band of a 3-MI/H2O/Brij-35 mixture were studied
with the use of a monochromator. The red edge decay resembled
the decay of 3-MI in water and included the long component
characteristic of emission in polar environments. The blue-edge
decay exhibited the shorter components typical of 3-MI emission
in nonpolar environments, and global analysis revealed the lack
of any long component (Figure 5). We conclude that the long
component of the fluorescence decay is due to 3-MI in water and
the shorter components are due to 3-MI associated with micelle.
Thus, 3-MI leaves the aqueous phase and partitions into the
nonpolar micelle phase.
To obtain a more quantitative view of how much 3-MI remains
in the aqueous phase, a global fit was performed using all decay
curves, fixing the long component from water at 8100 ps, and
fitting each to a triple exponential. A triple-exponential fit was
chosen to take into account the three possible environments for
the 3-MI: the aqueous phase, the nonpolar micelle phase, and
the hydrated poly(oxyethylene) phase between the two (Figure
3). In the latter two cases, the indole can be considered to be
partitioned into or associated with the micelle. The weight of the
long component decreased dramatically with increasing micelle
concentration (Table 2). At our highest surfactant concentration,
the sum of the preexponential factors of the two short components
of the fluorescence decay was 0.93. Thus, 93% of the total
fluorescence is composed of the two shorter components, which
are attributed to the 3-MI associated with the micelle. The
contribution of the 3-MI in the aqueous phase is 7%.
To obtain an initial estimate of the association (equilibrium)
constant, Keq, a Benesi-Hildebrand plot was made on the basis
of a 1:1 3-MI/micelle association.26,31,32 The equilibrium between
3-MI and a micelle is given by
where M represents the micelle, and 3MIâM represents the 3-MI/
micelle complex. The corresponding association constant is
where the bracketed terms are the respective molar concentra-
tions. The above expression can be rewritten in terms of initial
known concentrations by substituting [3MI]0 - [3MIâM] for [3MI]
and [M]0 - [3MIâM] for [M]; [3MI]0 and [M]0 are the initial
concentrations of 3-MI and micelle, respectively:
(31) Benesi, H. A.; Hildebrand, J. H. J. Am. Chem. Soc. 1949, 71, 2703-2707.
(32) Chou, P. T.; Wei, C. V.; Chang, C. P.; Meng-Shen, K. J. Phys. Chem 1995,
99, 11994-12000.
Table 1. Steady-State Fluorescence Emission Maxima
for Indole, 1-MI, and 3-MI
ìmax (nm)
[Brij-35] (M) indole 1-MI 3-MI
0.0 346 355 367
8.1  10-5 346 353
1.6  10-4 347 353 366
3.3  10-4 346 355 365
6.5  10-4 347 353 362
1.3  10-3 343 353 358
2.6  10-3 340 351 353
5.2  10-3 338 348 351
1.0  10-2 331 343 348
2.1  10-2 328 336 342
Figure 5. Time-resolved emission of the red (top decay) and the
blue (lower decay) edges of a 3-MI/Brij-35 emission band ([Brij-35]
) 2.1  10-2 M). Blue edge emission was collected at 320 nm, and
red edge emission was collected at 410 nm. An 8 nm band-pass
monochromator with a 1 mm slit was used. Global fitting parameters
were used to fit each fluorescence decay. Lifetimes were fixed at
8100, 4671, and 955 ps, and the amplitudes were varied (eq 1). The
blue edge can be fit to two components (the amplitude for the longest
component is zero): F(t) ) 0.67 exp(-t/955 ps) + 0.33 exp(-t/4671
ps), ł2 ) 1.3. The red edge requires three components to be fit: F(t)
) 0.29 exp(-t/955 ps) + 0.34 exp(-t/4671 ps) + 0.37 exp(-t/8100
ps), ł2 ) 1.3. The fluorescence decay from the blue edge is
contaminated by some scattered light, against which we could not
discriminate.
Table 2. Global Fitting Parameters of 3-MI/Brij-35
Solutions
[Brij-35] (M) A1 A2 A3
6.5  10-4 0.81 0.13 0.06
1.3  10-3 0.59 0.34 0.07
2.6  10-3 0.41 0.52 0.07
5.2  10-3 0.24 0.68 0.08
1.0  10-2 0.13 0.76 0.11
2.1  10-2 0.07 0.79 0.14
ô1 ) 8100 ps ô2 ) 4671 ps ô3 ) 955 ps
3MI + M h 3MIâM (2)
Keq )
[3MIâM]
[3MI][M]
(3)
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We assume that the complex concentration is much less than the
concentration of micelle. Therefore, [M]  [M]0 and [M]0 -
[3MIâM]  [M]0. Substituting and solving for 1/[3MIâM] gives
The association between 3-MI and a micelle is responsible for
the blue-shifted emission spectra of the steady-state fluorescence
and also for the increasing contribution of the short components
in the time-correlated fluorescence decays. The preexponential
factors of the short components are a measure of the contribution
to the fluorescence from the 3-MI/micelle complex. Thus, the
fluorescence intensity of the complex, 3MIâM, is proportional to
the preexponential factor multiplied by its respective lifetime for
each component of interest. In our case, concerning the triple-
exponential global fits, the fluorescence intensity, F, of the
complex is the sum of the two short-component fluorescence
intensities:
Using eq 6, eq 5 becomes
A plot of 1/F vs 1/[M]0 should reveal a straight line for a 1:1
association between the micelle and 3-methylindole. [M]0 for each
solution was determined from the molar concentration of the Brij-
35 and its aggregation number. The plot in Figure 6a shows our
data with a linear correlation of 0.997. This suggests that our
data indicate a 1:1 association. The association constant, Keq, is
calculated by dividing the intercept by the slope of the best-fit
line through the data. Keq in our case is 1.8  104 M-1. The
same procedure using the magnitude of the blue shift from the
steady-state fluorescence data as a measure of the complex
concentration in eq 7 also provided a Keq of the same order of
magnitude as previously determined.
The Keq calculated above was based on the assumption that
[M]  [M]0. To obtain a better determination of the association
constant without any assumptions, eq 4 was solved for the complex
concentration, [3MIâM], and a nonlinear fitting procedure was
employed to obtain Keq:
In this case, because we previously showed that the association
was 1:1, the complex concentration was calculated using the sum
of the preexponential factors and the initial 3-MI concentration.
A plot of [3MIâM] vs [M]0 was subject to a nonlinear fitting
procedure, and Keq was determined to be 2.6  104 M-1 (Figure
6b).
The partition coefficient, Kp, was determined to be 13.2 for our
highest Brij-35 concentration, as calculated by
where [3MI]aq is the free uncomplexed 3-MI in solution. The
concentrations were again determined from the preexponential
factors from the time-correlated fluorescence decays and the initial
3-MI concentration.
In this example, the amplitudes and lifetimes obtained from
the fluorescence decay profile are a direct measure of different
probe environments and permit a straightforward evaluation of
the association constant. Bound and unbound probes are im-
mediately distinguished by the form of the fluorescence decay. If
steady-state spectra are employed to construct a Benesi-Hilde-
brand plot, care must be taken to deconvolute the contributions
of the bound and the unbound chromophores to the spectra.33
CONCLUSIONS
Indole, 1-MI, and 3-MI are hydrophobic in nature. Thus, when
micelles are formed in aqueous solutions of these chromophores,
they will partition into the micelle. We have shown that time-
(33) Hoenigman, S. M.; Evans, C. E. Anal. Chem. 1996, 68, 3274-3276.
Figure 6. (a) Benesi-Hildebrand plot for the 3-MI/Brij-35 micelle
complex with a linear correlation of 0.997. The value 1/F was
determined using F ) A2ô2 + A3ô3, where F is the fluorescence
intensity of the chromophore that has partitioned into the micelle. A2
and A3 are the preexponential factors of the two shorter components
in the triple-exponential global analysis; ô2 and ô3 are the respective
lifetimes. The plot in (b) is the result of the nonlinear fit.
Kp )
[3MIâM]
[3MI]aq
(9)
Keq )
[3MIâM]
([3MI]0 - [3MIâM])([M]0 - [3MIâM])
(4)
1
[3MIâM]
) 1
[3MI]0
+ 1
Keq[3MI]0[M]0
(5)
F ) A2ô2 + A3ô3 ∝ [3MIâM] (6)
1
F
) 1
[3MI]0
+ 1
Keq[3MI]0[M]0
(7)
[3MIâM] ) 1
2Keq(Keq[3MI]0 + Keq[M]0 + 1 -
xKeq2[3MI]02 - 2Keq2[3MI]0[M]0 + 2Keq[3MI]0 +Keq2[M]02 + 2Keq[M]0 + 1 ) (8)
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correlated single-photon counting is an effective technique for
probing the chromophore/micelle interaction. The sensitivity of
the indole fluorescence to the environment permits a quantitative
measurement of the amount of chromophore that has associated
with the micelle.
Of particular interest is the association of 3-methylindole (3-
MI) with micelles. 3-MI is a volatile, noxious compound whose
presence is particularly acute at swine production facilities.1-7 3-MI
is produced in the intestine of pigs by microbial degradation of
L-tryptophan and is thus one of the most common malodorous
compounds found in swine manure. Along with other odorous
compounds and gases formed from bacteria in the manure, 3-MI
poses serious problems for the environment and the health of
animals, workers, and surrounding communities.
Exploiting the interactions of 3-MI with micelles or other
organized media may prove to be useful in addressing odor
problems. Our results indicate an association constant to be on
the order of 104 M-1 for 3-MI with Brij-35 micelles and thus
demonstrate that 3-MI has a fairly high affinity for surfactant
molecules. This affinity for surfactants suggests a means of
reducing the amount of 3-MI that can escape into the vapor phase
as an airborne contaminant. In closing, we note that 3-MI vapor
is easily measured by fluorescence techniques (Figure 7) and that
the experiments with model micelle systems discussed above led
us to examine to what extent the 3-MI vapor is reduced by addition
of a dry surfactant such as lecithin. Figure 7 demonstrates that
the effect is dramatic. Notably, at the higher lecithin amounts
used, the 3-MI odor, as measured by nose, was no longer detectable.
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Figure 7. Fluorescence spectra of 3-methylindole vapor in equi-
librium with its solid. The top spectrum is the emission of 3-MI vapor
without lecithin added. The spectra of lower intensity are the emission
of 3-MI vapor with the addition of dry lecithin. In each case, the 3-MI
concentration was the same, 6.4 íg. For the spectra, from top to
bottom, the amount of dry lecithin added was 0.0, 12.5, 25.0, and
37.5 íg, respectively. All fluorescence measurements were performed
at room temperature, 23 °C. Excitation wavelength, 280 nm;
integration time, 3 s each point. The band-passes of the excitation
and emission monochromators were 4 nm.
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